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Wnt signaling is essential for axon wiring throughout the development of the nervous sys-
tem in vertebrates and invertebrates. In rodents, Wnts are expressed in gradients that
span the entire anterior–posterior (A–P) axis in the spinal cord and the medial–lateral axis
in the superior colliculus. In the brainstem,Wnts are expressed in more complex gradients
along the A–P axis. These gradients provide directional information for axon pathﬁnding
and positional information for topographic mapping and are detected by cell polarity sig-
naling pathways in the growth cone. The gradient expression ofWnts and the coordinated
expression of Wnt signaling systems are regulated by mechanisms which are currently
unknown. Injury to the adult spinal cord results in the re-induction of Wnts in multiple cell
types around the lesion site and their signaling system in injured axons. The re-induced
Wnts form gradients around the lesion site, with the lesion site being the peak. The re-
inducedWnts may be responsible for the well-known retraction of descending motor axons
through the receptor Ryk (related receptor tyrosine kinases). Wnt signaling is an appeal-
ing new therapeutic target for CNS repair. The mechanisms regulating the re-induction are
unknown but will be informative for therapeutic design.
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GRADED EXPRESSION OF Wnts GUIDE AXONS ALONG THE
ANTERIOR–POSTERIOR AXIS IN CNS DEVELOPMENT
During development of the brain and the spinal cord, growing
axons are directed by multiple guidance cues to their synap-
tic targets forming axon networks along the major anatomical
axes, anterior–posterior (A–P), dorsal–ventral axes, and interior–
superior. Axons along the A–P, or rostrocaudal, axis of the spinal
cord establish the circuitry required for supraspinal control of
motor function as well as for relaying sensory information to
the brain. For long-distance projections, such as along the A–P
axis, global gradients of molecular cues are necessary. Under-
standing the development of these long-distance connections
between brain and spinal cord may provide insights for devel-
oping useful therapeutic interventions to repair these axons after
injury.
The vertebrate commissural axons within the spinal cord are
an excellent specimen to identify global A–P guidance cues. These
axons have an initial dorsal–ventral trajectory to reach and cross
the midline. Secreted attractants, Netrin-1, and Sonic Hedge-
hog (Shh) from the ventral midline, the ﬂoor plate, provide the
dorsal–ventral cues (Kennedy et al., 1994; Seraﬁni et al., 1994,
1996; Charron et al., 2003). Upon reaching the midline, commis-
sural axons decussate and post-crossing commissural axons are
repelled by Slits and Semaphorin 3B secreted from the ﬂoor plate
(Zou et al., 2000). A global A–P guidance mechanism ensures the
precise 90◦ turn of commissural axons immediately after midline
crossing. Adecreasing anterior-to-posteriormRNAgradient of the
diffusible morphogen Wnts (Wnt4, Wnt7b, Wnt5a, and Wnt7a)
dictates the appropriate anterior turning of post-crossing com-
missural axons via the Frizzled3 receptor (Figure 1; Lyuksyutova
et al., 2003). Disruption of the Wnt gradient or the loss of the
Frizzled3 receptor leads to A–P guidance defects of post-crossing
commissural axons (Lyuksyutova et al., 2003). Wnt proteins are
also expressed in an A–P gradient (Onishi and Zou, unpublished
results). The responsiveness of Frizzled3 expressing commissural
axons is dependent upon the activation of phosphatidylinositol-
3-kinase (PI3K) and atypical protein kinase C, a key regulator of
the apical–basal polarity signaling pathway (Wolf et al., 2008). In
addition, planar cell polarity (PCP) signaling is required for ante-
rior turning (Shafer et al., 2011). Therefore,Wnt attractionmay be
mediated by both apical–basal and PCP signaling cascades present
in the growth cones of post-crossing commissural axons.
In contrast to the global gradients of Wnt proteins along
the A–P axis in the spinal cord, Wnts 5a and 7b are expressed
in more complex gradients along the A–P axis in the develop-
ing hindbrain and midbrain (Fenstermaker et al., 2010; Blakely
et al., 2011). These expression gradients control the orientation
and growth of dopaminergic and serotonergic axons (Fenster-
maker et al., 2010; Blakely et al., 2011), subpopulations of which
contribute to supraspinal motor control (Holstege and Kuypers,
1987; Jordan et al., 2008). Orientation of midbrain monoaminer-
gic axons also depends on the expression of components of the
PCP signaling pathway (Fenstermaker et al., 2010).
Wnt1 andWnt5a mRNAs are expressed in decreasing anterior-
to-posterior gradientswithin the early postnatal spinal cordduring
corticospinal tract development and repel corticospinal axons
(Liu et al., 2005). The receptor protein tyrosine kinase member
Derailed (Drl) mediates Wnt repulsion in Drosophila (Yoshikawa
et al., 2003). Wnt5, expressed in the posterior commissure, repels
anterior commissural axons that express Drl, while the posterior
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FIGURE 1 | Anterior–posteriorWnt gradients in the developing spinal
cord guide growth of ascending sensory and descending motor axons.
(A) Schematic depicting anterior (high) to posterior (low) gradients of Wnts
in the developing mouse spinal cord at E11.5 and P0. At E11.5,
post-crossing commissural axons (red) are attracted anteriorly up a gradient
of Wnt4 (purple) through the receptor Frizzled3. At P0, descending
corticospinal motor axons (red) are repelled posteriorly down a gradient of
Wnt1 and Wnt5a (purple). (B) In situ hybridization of transverse sections
along the anterior–posterior axis probed for Wnts 1, 4, and 5a. Wnt4 is
expressed in a decreasing anterior-to-posterior gradient within the ﬂoor
plate (arrow). Wnts 1 and 5a are expressed in decreasing
anterior-to-posterior gradients in the dorsal spinal cord. Scale bar = 100 μm.
(C)Whole mount in situ hybridization showing Wnt4 anterior-to-posterior
gradient in the ﬂoor plate at E13.5. In situ images are from Lyuksyutova
et al. (2003) and Liu et al. (2008).
commissural axons do not express Drl and mis-expression of Drl
results in repulsion from the posterior commissure and aber-
rant projection through the anterior commissure (Bonkowsky
et al., 1999). Conversely, a loss of Drl results in mis-projection
of anterior commissural axons through the posterior commissure
(Bonkowsky et al., 1999). In the vertebrate nervous system, the
Drl homolog, Ryk, is expressed in cortical neurons. Ryk in the
descending corticospinal motor axons mediates Wnt repulsion
and is required for the descending growth of CST axons down
the spinal cord (Liu et al., 2005). Ryk has been shown required for
outgrowth as well as repulsion of corticospinal axons along the
A–P axis of the developing spinal cord (Liu et al., 2005; Li et al.,
2009).
Wnt GRADIENTS IN TOPOGRAPHIC MAPPING
While work in the vertebrate spinal cord and invertebrate systems
has demonstrated a role forWntmorphogens in axon pathﬁnding,
the vertebrate visual system utilizes Wnt expression gradients as
positional cues to establish topographic connections.Wnt3mRNA
and protein are both expressed in a decreasing gradient along the
medial (high) to lateral (low) axis within the developing chick
tectum and mouse superior colliculus (Schmitt et al., 2006). This
gradient of Wnt3 is used to establish a retinotopic map through
the expression of the repulsive Wnt receptor Ryk in a ventral to
dorsal decreasing gradient in retinal ganglia cells (Schmitt et al.,
2006). The Wnt3 gradient was proposed to counterbalance the
ephrin B1 mapping force. The speciﬁcity of retinal projections in
D. melanogaster are also governed by the expression of Wnts, with
DWnt4 expression guiding retinal axons to the ventral lamina to
maintain a retinotopic map (Sato et al., 2006). Therefore,Wnt sig-
naling may have a conserved role in topographic map formation.
HowWnt expression gradients are established in these brain areas
are currently unknown.
RE-INDUCED Wnts FORM DIFFERENT GRADIENTS
AFTER INJURY
In the intact adult spinal cord, Wnt mRNA expression is unde-
tectable, however after spinal cord injury, re-induction of Wnts
1, 4, and 5a occurs as evidenced by expression of mRNA in the
cells immediately surrounding the lesion (Liu et al., 2008). The
re-induced Wnts form gradients that peak at the lesion sites and
decrease both anteriorly and posteriorly relative to the lesion sites.
In addition to Wnts, other guidance molecules have also been
found to be re-induced by spinal cord injury. Class 3 semaphorins
and ephrins are both re-expressed in spinal cord lesion, although
the role of the these guidance cues in the injury response has
not been deﬁned (Pasterkamp et al., 1999; Bundesen et al., 2003;
Benson et al., 2005; Carmichael et al., 2005; Pasterkamp and Ver-
haagen, 2006). Wnt expression at the spinal cord injury site is
coupled with re-expression of the repulsive receptor Ryk in cor-
ticospinal motor neurons where it is trafﬁcked to the distal tip of
the lesioned corticospinal axons (Liu et al., 2008). Inhibition of
Wnt–Ryk signaling after spinal cord injury reduces the retraction
of lesioned corticospinal axons from the injury site while concur-
rently promoting the sprouting of corticospinal axon collaterals
within the spared spinal cord tissue (Liu et al., 2008). Another
study showed similar results using a contusion model (Miyashita
et al., 2009). Therefore, the re-induced Wnt gradients may be
responsible for the long-range retraction of corticospinal tract
axons following spinal cord injury.
In addition to the up-regulation of Ryk in injured corticospinal
motor neurons, peripheral injury of the sciatic nerve results in
the expression of Ryk in primary sensory neurons within the dor-
sal root ganglia (DRG; Li et al., 2008). Peripheral injury results in
an increased intrinsic growth capacity of large-diameter sensory
neurons in the DRG with a corresponding alteration of expres-
sion levels of thousands of genes (Richardson and Issa, 1984; Stam
et al., 2007). This increased intrinsic growth capacity, due to the
conditioning effect of the peripheral injury, allows for the regen-
eration of the central branch of primary sensory neurons along
a permissive substrate (Richardson and Issa, 1984). Additionally,
Ryk siRNA expression in developingDRGneurons reduces neurite
outgrowth ex vivo and attenuates theWnt3a-mediated outgrowth
response of cultured DRG explants (Lu et al., 2004). In contu-
sion injury experiments, grafting of ﬁbroblasts transduced ex vivo
to produce Wnt3a has been found to increase immunoreactivity
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of the regenerating axonal marker growth-associated protein 43
(GAP-43) near the lesion site (Suh et al., 2011).
In corticospinal motor neurons Wnt–Ryk signaling is able
to promote both axon outgrowth as well as repulsive guidance
through distinct signaling cascades (Li et al., 2009). This bi-
functionality of Ryk may be active in DRG neurons as well,
though it is currently unknown which neurons express Ryk after
injury and what role the increased expression of the repulsive
Wnt receptor Ryk may play in the peripheral conditioning lesion,
if any.
OTHER MORPHOGENS AFTER INJURY
Wnts are not the only morphogens that are re-induced after spinal
cord injury. Motor nuclei have been demonstrated to increase
bone morphogenic protein (BMP) production following periph-
eral axotomy and potentially respond to BMP-2 protein infusion
(Jin et al., 2003; Wang et al., 2007). Downstream of BMP-2 and
4 activation, BMP type I receptor mediates signaling through
Smad1, 5, and 8 (Babitt et al., 2005). Smad1 activation in DRG
neurons following peripheral injury is necessary for condition-
ing lesion mediated neurite outgrowth in vitro (Zou et al., 2009).
Intraganglionic injection of BMP-2 or 4 had similar effects in vitro,
mediating neurite outgrowth through phospho-Smad nuclear
translocation, while AAV8-BMP4 delivery to DRG neurons has
been shown to reduce sensory axon retraction from an injury
site and promote limited regeneration (Zou et al., 2009; Parikh
et al., 2011). BMP-2 signaling mediates trkC expression in devel-
oping sympathetic superior cervical ganglia neurons (Zhang et al.,
1998), though it remains to be seen whether increased Smad acti-
vation following peripheral lesion underlies the increased capacity
for central regeneration of large-diameter proprioceptive axons
demonstrated in response to NT-3 gradients following peripheral
conditioning lesion (Alto et al., 2009).
Conversely, BMPup-regulation following spinal cord injuryhas
been proposed to inhibit regeneration of CNS axons (Setoguchi
et al., 2004; Iichiro et al., 2008). In experiments delivering noggin
producing neural precursor cells following compression injury to
thoracic spinal cord, noggin was found to reduce astroglial cell fate
of transplanted cells and proposed to mediate functional recov-
ery, though the mechanism through which this recovery might
occur is unclear (Setoguchi et al., 2004). Following contusion
injury, a separate group found that infusion of noggin attenu-
ated Smad phosphorylation in local neurons and either promoted
corticospinal sprouting rostral to the lesion or reduced axonal die-
back, though these effects areminimal and themechanismremains
unclear (Iichiro et al., 2008). There remains some contention in
the interpretation of these results, however as a separate group
reported that engraftment of noggin producing neural precursor
cells following contusion or focal ischemic spinal cord injury not
only were unable to alter the course of astroglial differentiation,
but also resulted in increased neuronal loss and lesion volume
compared to control precursor transplantation (Enzmann et al.,
2005). This is similar to the detrimental effects of selectively ablat-
ing reactive astrogliosis after CNS injury, though there is limited
neurite sprouting in astroglia free areas proximal to the site of
injury (Bush et al., 1999; Faulkner et al., 2004).
Wnts AS THERAPEUTIC TARGETS FOLLOWING SCI
As Wnt signaling is globally required for axon guidance along
the A–P axis and is part of the injury response, Wnt signaling
is an attractive target for therapeutic intervention after injury
to the long-distance projecting axons in the spinal cord. The
re-establishment of Wnt gradients after spinal cord injury may
be a useful strategy to promote the regeneration of injured
supraspinal circuitry. The inhibition of Wnt–Ryk signaling has
already demonstrated an enhancement of axonal growth and
plasticity of corticospinal motor axons after injury (Liu et al.,
2008). This induced axonal plasticity may provide a substrate
for the formation of novel supraspinal motor circuits and
improved functional recovery after injury. Understanding how
Wnt expression is regulated will provide additional therapeutic
tools.
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